A particle-in-cell simulation with Monte Carlo collisions was developed to study ion extraction from a capacitively-coupled argon plasma through a grid. A one-dimensional simulation of the plasma reactor was coupled with a two-dimensional simulation of the sheath region over a grid hole. The 13.56 MHz power applied to the plasma was pulsed 50 µs ON and 50 µs OFF. A dc bias voltage was applied in the afterglow (power OFF fraction of the cycle), to raise the plasma potential and expel ions out of the plasma through the grid. The electron temperature decayed rapidly in the afterglow, minimizing spatial variations of the plasma potential and allowing a nearly mono-energetic ion beam to be extracted. Due to the absence of plasma moulding over the grid holes, the beam was highly directional with an angular spread decreasing with increasing dc bias. The applied dc bias also set the beam energy. Simulation predictions were in good quantitative agreement with measurements. The ion beam could be neutralized by grazing angle collisions on a set of parallel neutralization plates downstream of the extraction grid, to produce a highly directional and nearly mono-energetic neutral beam.
Introduction
Precise control of the ion energy distribution (IED) is important in a variety of thin film etching and deposition applications [1] . In plasma processing, for example, etch rate and selectivity depend sensitively on ion bombardment energy, especially for near-threshold processes. In nano-pantography, a massively parallel technique to fabricate nanometre-sized patterns over large areas [2] , a collimated, mono-energetic ion beam is essential. For ion beams extracted from plasma sources, the IED is determined by the difference in potential between the plasma and the substrate, as well as ion collisions with the background neutral gas. For radio frequency (RF) plasmas, commonly employed in semiconductor manufacturing, the dependence of IED on control parameters has been studied [3, 4] . For collisionless ion flow, the ion energy spread depends critically on the ion transit time through the sheath compared with the period of the applied field and the sheath potential waveform [5] [6] [7] . Some researchers [8, 9] reported a method to control the ion bombardment energy by applying a non-sinusoidal bias waveform on the substrate electrode, designed to yield a narrow energy spread. Others [10, 11] showed that ion energy can be controlled by biasing a separate electrode immersed in the plasma to control the plasma potential. This technique was also used to control the energy of ions which were then neutralized to become fast neutrals in neutral beam applications [12, 13] .
In all the experiments mentioned above, ions were extracted from a continuous wave (CW) plasma. In a CW plasma, even when the sheath potential waveform is designed to yield a narrow IED, the ion energy spread is limited by the spatial variation of the plasma potential. This in turn is proportional to the electron temperature, T e [14] . Thus, the energy of an ion entering the sheath depends on where the ion was born, and the spread of the resulting IED could be several times T e . A way to sharpen the IED is to extract ions from a plasma of very low T e .
A nearly mono-energetic ion beam was extracted from a capacitively-coupled, pulsed Ar plasma [15] . The electron temperature decayed rapidly in the afterglow, resulting in nearly uniform plasma potential and minimal energy spread of ions extracted in the afterglow. Ion energy was controlled by a dc bias on an electrode in contact with the plasma. Langmuir probe measurements indicated that this dc bias simply raised the plasma potential without heating the electrons in the afterglow. The energy spread of the extracted ion beam was about an order of magnitude narrower than that extracted from a CW plasma.
In this work a particle-in-cell simulation with Monte Carlo collisions (PIC-MC) was developed to study ion beam extraction from a pulsed plasma. A one-dimensional (1D) simulation of an argon plasma reactor was coupled to a twodimensional (2D) simulation of the sheath region over the extraction grid. Emphasis was placed on the energy and angular distributions of the extracted ion beam for different applied dc bias voltages in the afterglow of the pulsed plasma. Neutralization of the extracted ion beam by grazing angle scattering on a set of parallel plates downstream of the ion source was also simulated to produce nearly mono-energetic and directional neutral beams.
Simulation model
Plasma production in a parallel plate system and ion extraction through a grounded grid (figure 1) were simulated. The simulation model consisted of two parts: (1) a one-dimensional self-consistent simulation of a parallel plate capacitivelycoupled plasma reactor and (2) a two-dimensional selfconsistent simulation of the sheath region over a grid hole and ion extraction through the hole. The two parts were coupled in the sense that the results of the first part were used as input for the second part of the simulation. Since the actual system is at least two-dimensional, the 1D plasma reactor simulation models the region around the centreline of the system in figure 1. This is adequate for the purpose of this work since the extraction grid is at the central region of the electrode. A separate simulation of ion transport, collision and neutralization on a set of parallel plates downstream of the grid (shown in figure 1 ) was also performed to evaluate the performance of the system used as a neutral beam source.
Pulsed plasma simulation
A capacitively-coupled parallel plate (plate separation 6 cm) argon plasma reactor was simulated. Radio frequency (RF) power applied to the plasma was pulsed 50 µs ON and 50 µs OFF. During the plasma ON portion of the cycle, a potential V = 300 sin(2π ft) (in volts, where f = 13.56 MHz) was applied to the powered electrode while the counter-electrode was grounded (figure 1). 20 µs into the afterglow (RF power OFF), a positive dc bias voltage was applied to the powered electrode (figure 2) to raise the plasma potential and expel ions out of the plasma. The background gas was assumed to be at a uniform density of 1.9 × 10 14 cm −3 (corresponding to 10 mTorr at 500 K). Only argon ions and electrons were considered. Due to the low operating pressure, the effect of metastable ionization on plasma production was neglected. The cross section set for argon gas was obtained from [16] . Energy and angle resolved electron scattering were considered by the method described in [18] . Elastic electron scattering, excitation and ionization as well as ion-neutral collisions were included. Electron-electron collisions were neglected due to the low charge density. The usual restrictions on time step and grid size applied to PIC [17, 18] were observed.
Simulation of the sheath region over a grid hole
A single through hole was used as a simplification of an extraction grid. The hole diameter was 142 µ and the hole length (or grid thickness) was 127 µ. The two-dimensional axisymmetric (r, z) computational domain (figure 3) extended 3 mm above the hole. The ion density, electron temperature, electron density and RF potential were specified at the top boundary of the computational domain, as given by the 1D pulsed plasma simulation. The wall containing the hole was conductive and at ground potential (V = 0). A zero radial potential gradient condition was applied at the perimeter and centreline, while a zero axial potential gradient was applied at the bottom boundary of the computational domain. Only ions were followed by the 2D PIC simulation. The electron density was assumed to be given by the Boltzmann relation. The plasma sheath evolved self-consistently according to the specified conditions. Ions entering at the upper boundary of the computational domain were sampled from the 1D Figure 3 . The 2D computational domain (not to scale) for ion extraction consisted of an axisymmetric hole through a solid at ground potential, with symmetry condition in the radial direction far from the hole. The ion density, ion velocity distribution, electron density and plasma potential were specified at the top of the domain, as obtained by a 1D PIC-MC plasma simulation.
PIC simulation using the acceptance-rejection method [19] . Computational particles were weighted according to their radial position so that a radially uniform ion flux was injected. An explicit time-centred leap frog method [17] was used for time integration, obeying the Courant condition, v t/ x < 1, where v is the particle speed and t and x are the time step and grid cell size, respectively. Ion-neutral collisions (elastic scattering and charge exchange) were considered. Particle distribution functions were collected at the bottom boundary of the computational domain. The Poisson equation was solved at each time step using a finite element method. The results shown below were obtained with 3 × 10 5 simulation particles. Energy conservation of the integration scheme was tested using cold (T i = 0) ions in a two-dimensional dc field in the domain of figure 3. All particles collected at the bottom of the computational domain had the same energy, indicating that there were no numerical artefacts. Figure 4 shows the time-average electron density (a), effective electron temperature (b) and plasma potential (c) as a function of position between the electrodes during the power ON fraction of the cycle. The effective electron temperature was calculated as 2/3 of the average electron energy, the latter found by integrating the electron energy distribution function (EEDF),
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where ε is the electron energy (eV) and f d (ε) is a normalized EEDF. The EEDF was found to be similar to that measured for low pressure capacitively-coupled argon plasmas [20] , namely the tail of the distribution is heated by the oscillating sheath. The predicted plasma characteristics of figure 4 are also typical [21] . The electron density ( figure 4(a) ) peaks at the centre and decays substantially in the 1 cm thick sheaths over each electrode. The effective electron temperature ( figure 4(b) ) is quite uniform in the bulk plasma, increases near the plasma-sheath interface due to heating by the oscillating sheath and decreases near the wall due to diffusion cooling. The time-average plasma potential indicates that the sheath thickness is about 1 cm. All distributions are symmetric in this one-dimensional system. Figure 5 shows the time evolution of the electron density and effective electron temperature (at the reactor centre) in the afterglow (after RF power is turned OFF), when no dc bias is applied in the afterglow, (a), and when a 50 V dc bias is applied 20 µs into the afterglow, (b). The electron density decays by about an order of magnitude (by diffusion to the walls), and the electron temperature cools to less than 0.5 eV, 50 µs into the afterglow. Interestingly, the application of a dc bias of 50 V ( figure 5(b) ) does not alter the decay of electron density and electron temperature in any way (compare (a) with (b)). This indicates that the bias does not heat electrons. The applied dc bias increases the plasma potential, though, as seen in figure 6 . Without dc bias applied in the afterglow ( figure 6(a) ) the plasma potential decays rapidly to zero. When 50 V of dc bias is applied 20 µs into the afterglow ( figure 6(b) ), the plasma potential rises quickly to the applied bias. This suggests that the application of a dc bias in the afterglow can be used to control the energy of the ions extracted through the grid. It should be noted that the ion energy should equal the plasma potential since the grid is grounded. By changing the applied dc bias the ion energy can be changed at will. Given that the gradients of plasma potential are very small in the afterglow, the extracted ion beam should be quite mono-energetic, assuming that ion-neutral charge exchange collisions do not occur. Figure 7 shows a comparison between simulation predictions (a), with experimental data (b), from [15] .
The simulation does a reasonable job of capturing the decay of Ar ion density, electron temperature and plasma potential as measured by a Langmuir probe.
Extracted ion beam properties
The potential distribution around the grid hole 45 µs into the afterglow with a 50 V dc bias applied is shown in Figure 8 . Plasma moulding is minimal since the sheath thickness is much larger than the hole diameter [22, 23] . Hence ions are accelerated by a one-dimensional (vertical) field through most of the sheath. Ions see a horizontal component of the field near the hole entrance, but the vertical ion momentum is too high to divert ions from their path. Hence the angular distribution of extracted ions is very narrow as shown in figure 9 . In fact, as the applied dc bias voltage increases, the angular spread decreases as the vertical velocity component of ions becomes greater. The half width at half maximum of the distribution is only 0.25
• at 100 V applied dc bias in the afterglow.
The predicted ion energy distribution is shown in figure 10(a) . A nearly mono-energetic ion beam is obtained with energy controlled by the applied dc bias. The width of the ion energy distribution (IED) increases from 1.1 eV at 30 V dc bias to 2.9 eV at 100 V dc bias. This is due to slight gradients in the plasma potential. The small tail on the left of the IEDs is due to infrequent charge exchange collisions of ions with neutrals. The corresponding experimental data [15] are shown in figure 10(b) . Good agreement with the simulation results is obtained, except that the width of the experimental IEDs is a bit larger than predicted, probably due to the finite resolution of the gridded ion energy analyzer used for measurements. 
Generation of a nearly mono-energetic neutral beam
A set of neutralizer plates may be used to neutralize the extracted ion beam (figure 1) and create a fast neutral beam [24] [25] [26] . After exiting the extraction grid, ions were followed through the neutralization plates. The fast neutrals thus generated were tracked by a Monte Carlo simulation. A set of five plates separated from each other by 0.1 cm were used at a distance of 0.8 cm from the extraction grid (distance between the grid and the plane touching the top of the plates). The length of each plate was 1.0 cm. The plates were assumed to be in a differentially pumped downstream chamber of low enough background pressure so that particle flow is collision-free.
Ions that encounter the solid wall are assumed to neutralize with 100% probability [14] . Ions would neutralize by, for example, an Auger process, a distance of the order of ∼1 Å from the surface. A simple surface interaction model was used, assuming specular scattering with an energy exchange given by [27] :
Here ε i and ε r are the kinetic energy of the incident and reflected atom, respectively, θ i is the incident angle and m Ar and m wall are the mass of the argon atom and the wall material atom, respectively. This expression corresponds to two successive binary collisions of the impinging ion (actually a neutral by the time it encounters the surface) with surface atoms. Specular scattering may be a reasonable approximation for grazing angle collisions with atomically flat surfaces. However, it is expected to be a poor approximation for non-grazing angle collisions especially off real (rough) surfaces. Figure 11 shows the fast neutral energy distribution (a) and the fast neutral angular distribution (b), for a nominal ion beam energy of 50 eV (50 V dc bias applied in the afterglow). The neutralization plate tilt angle was 5
• off normal yielding a fast neutral beam at around 10
• off normal. It appears that tilting the wafer (or other workpiece) by 10
• would make the fast neutral beam strike perpendicular to the wafer. Importantly, the fast neutral beam is quite mono-energetic and directional. This is because of the high quality of the starting ion beam. In addition, ion neutralization occurs at grazing angles of incidence, preserving most of the parent ion kinetic energy and making specular reflection more likely (for atomically smooth surfaces).
Summary and conclusions
A particle-in-cell simulation with Monte Carlo collisions (PIC-MC) was developed to study ion extraction from a capacitively-coupled argon plasma through a grid. A onedimensional simulation of a plasma reactor was coupled with a two-dimensional simulation of the sheath region over a grid hole. By using a pulsed radio frequency source to power the plasma and applying a dc bias voltage during the power OFF (afterglow) fraction of the cycle, the plasma potential, and thus the ion energy, was precisely controlled. Spatial gradients in plasma potential were minimized in the afterglow, due to collapse of the electron temperature, enabling the extraction of a highly directional, nearly mono-energetic ion beam. The beam energy was set by the applied dc bias voltage. For dc bias voltages of up to 100 V, the decay of the plasma in the afterglow was not disturbed, in the sense that the electron density and temperature decay were identical to those with no applied bias in the afterglow. Simulation predictions of ion energy distributions were in good quantitative agreement with experimental measurements. The extracted ion beam could be neutralized by grazing angle collisions on a set of parallel neutralization plates downstream of the extraction grid. The resulting fast neutral beam was also quite mono-energetic and directional because, at grazing angle of incidence, most of the parent ion kinetic energy is preserved and specular reflection off an atomically smooth surface is more likely. Directional and mono-energetic ion beams are essential for nano-pantography, a massively parallel technique to form nanometer-sized patterns of arbitrary shape over large area wafers. Directional and mono-energetic ion and neutral beams are also useful for a variety of materials processing applications including etching of fine patterns in thin films.
